The psychoactive drug ±3,4-methylenedioxymethamphetamine (MDMA) is increasingly used for its perceived emotional effects (eg, prosociality, empathy, psychotherapy), but surprisingly little research has been aimed at identifying the effect of the drug on emotional episodic memory in humans. Here, we report the first double-blind placebo-controlled study to examine the effects of MDMA on emotional memory separately during encoding and retrieval in healthy participants. Participants viewed emotionally negative, neutral, and positive pictures and their labels. Forty-eight hours later, they were given cued recollection and recognition memory tests designed to assess recollection and familiarity for the studied pictures. Participants were randomly assigned to one of three groups who received MDMA (1 mg/kg) either during encoding (Encoding group; N = 20), retrieval (Retrieval group; N = 20), or neither (Placebo group; N = 20). Although MDMA administered at either phase did not affect overall memory accuracy, it did alter the recollection of details associated specifically with emotional memories as estimated using a dual process signal detection analysis of confidence judgments and subjective 'remember' judgments. In the Encoding group, MDMA reduced recollection estimates for negative and positive pictures but had little to no effect on neutral items or familiarity estimates. There was evidence for similar trends in the Retrieval group. These findings indicate that MDMA attenuates the encoding and retrieval of salient details from emotional events, consistent with the idea that its potential therapeutic effects for treating posttraumatic stress disorder are related to altering emotional memory.
INTRODUCTION
Recent findings from clinical and basic research suggests that the stimulant-psychedelic-entactogen ± 3,4-methylenedioxymethamphetamine (MDMA) may specifically modulate emotional processing in humans. MDMA has reemerged as a potential treatment of posttraumatic stress disorder (PTSD; Sessa, 2016) possibly due to its prosocial effects (Bershad et al, 2016) , which may make it easier for patients to discuss traumatic events. Alternatively, MDMA may modify traumatic memories themselves, consistent with the characterization of PTSD as a disorder of emotional memory (Rubin et al, 2008) . Patients with PTSD exhibit hypervigilance to threat and a hyperresponsive amygdala (Rauch et al, 2006) while in neurotypical populations, MDMA attenuates the detection of threat-related emotional faces (Hysek et al, 2014) and amygdalar activation (Bedi et al, 2009) . Together, such findings imply that MDMA may alter emotional memory.
To date, there have been no studies on how MDMA might affect emotional episodic memory, but there is some evidence that MDMA impairs memory for emotionally neutral information. MDMA worsens memory when it is administered before the encoding of neutral verbal stimuli (Kuypers and Ramaekers, 2005) , and this effect can be reversed by blocking the 5-HT 2A receptor (van Wel et al, 2011) , a site that binds psychedelic drugs and differentiates MDMA from classic stimulants. However, these studies tested memory shortly after encoding while participants were still intoxicated, making it difficult to determine whether MDMA affected encoding or retrieval.
Although prior work with MDMA has revealed a potentially amnestic effect on emotionally neutral memories, MDMA also has a stimulating effect, suggesting that its profile for emotional episodic memories may be more complex. Specifically, we have found that classic stimulants (eg, dextroamphetamine) have greater specificity for enhancing memories with emotional content (Ballard et al, 2013) . Both dextroamphetamine and MDMA drive the noradrenergic system, which is thought to support emotional memory enhancements (Mather et al, 2016) . It may be that any amnestic effects of MDMA on emotional memory are negated by its effects on the noradrenergic system.
MDMA may also alter memory during retrieval, independently of its potential encoding effects. Although the effects of MDMA on episodic memory retrieval have not been tested, there is evidence that MDMA enhances subjective vividness and positivity ratings of positive autobiographical memories while reducing negativity ratings of negative autobiographical memories (Carhart-Harris et al, 2014) . In this way, MDMA may have a similar effect on retrieval as dextroamphetamine, which increases memory errors and recall of positively valenced words (Ballard et al, 2014) . However, there may again be differences between MDMA and classic stimulants. In mice, MDMA reduces freezing when a fear memory is recalled during extinction (Young et al, 2015) , whereas dextroamphetamine does not reduce conditioned freezing during fear extinction (Carmack et al, 2010) . These findings suggest that MDMA may have specific impact on the retrieval of emotional memory representations.
The present study sought to disentangle the effects of MDMA on the encoding and retrieval of negative, neutral, and positive memory. Additionally, we sought to distinguish the MDMA effects on two components of episodic memory retrieval: recollection and familiarity. Recollection is characterized by the retrieval of specific details associated with a prior event and is known to be hippocampally-dependent, whereas familiarity is the feeling of knowing an event has occurred without the recollection of specific details and is thought to be cortically-dependent (Yonelinas, 2002) . PTSD patients exhibit abnormal hippocampal structure (Smith, 2005) and function (Brohawn et al, 2010) and possess vivid recollections of traumatic events. These observations, combined with the fact that emotion specifically enhances recollection (Phelps and Sharot, 2008) , suggest that the clinical efficacy of MDMA may be related to its effects on emotional recollection. Therefore, we predicted that MDMA would attenuate both the encoding and retrieval of recollection-based emotional memory.
MATERIALS AND METHODS

Participants
Sixty healthy participants (20 per group, 50% males, 18-34 years) were recruited. Potential participants underwent a physical examination and an electrocardiogram provided detailed information on current and lifetime drug use, and were screened by trained clinical psychologists using a semistructured psychiatric interview on average 17 weeks before the first experimental session. Exclusion criteria included current Axis I DSM-IV disorder, including substance dependence, 45 cigarettes per day, history of psychosis or mania, less than a high school education, lack of English fluency, a body mass index outside 19-30 kg/m 2 , high blood pressure (4140/90), abnormal electrocardiogram, daily use of any medication other than birth control, pregnancy, or lactating. Participants were eligible if they reported 4-40 past uses of MDMA with no adverse events. Women not taking hormonal contraceptives were tested during their follicular phase because hormonal fluctuations can influence responses to stimulants (White et al, 2002) . There were no group differences in participant demographics (Table 1) .
Qualifying participants attended an orientation session to give consent and practice study tasks. To minimize expectancy, participants were informed that they could receive a stimulant, sedative, cannabinoid, or placebo. Participants were instructed to consume their normal amounts of caffeine and nicotine before sessions but to abstain from using alcohol, prescription drugs (except contraceptives), and over-the-counter drugs for 24 h before the sessions, marijuana for 72 h before the sessions, and other illicit drugs for 48 h before the sessions (due to faster clearance). Participants were notified that there would be drug tests and that they would be rescheduled if they tested positive for any recent drug use at the first session and cancelled from the study if they tested positive at the second session with only partial compensation. Participants were advised to get their normal amounts of sleep and not to eat for 2 h before each session. Following completion of the study, participants were fully debriefed and monetarily compensated. The study took place at the University of Chicago Medical Center and was approved by the Institutional Review Board.
Drug
MDMA (1.0 mg/kg) was prepared for each participant by the hospital pharmacist. The powder form of the drug was 
Design
Subjects were randomly assigned to one of three groups, one that received MDMA during encoding and placebo during retrieval (Encoding), one that received MDMA during retrieval and placebo during encoding (Retrieval), and one that received placebo during both phases (Placebo). All participants attended two sessions separated by 48 h: an encoding session for studying stimuli and a retrieval session for testing memory. Besides the drug manipulation, the procedure for all groups was identical and double-blinded. All sessions began in the morning.
Stimuli
Stimuli consisted of 180 images from the International Affective Picture Set (IAPS; Lang et al, 2008) and 2-3 word labels (eg, 'dirty toilet', 'box of tissues', 'chocolate candy bar') describing these images. The images included emotionally negative, neutral, and positive pictures and were split into two comparable sets for counterbalancing studied and nonstudied items across participants. These pictures had the following mean ( 
Procedure
On the morning of experimental sessions, participants first completed compliance measures including breath alcohol level (Alco-sensor III; Intoximeters, St Louis, MO), a urine drug test (ToxCup, Branan Medical, Irvine, CA), and a pregnancy test (females only; Aimstrip, Craig Medical, Vista, CA), as well as baseline cardiovascular and mood measures. Participants then consumed a capsule and completed cardiovascular and mood measures every 30 min for the next 90 min. Participants were provided with magazines and music in furnished rooms. They were not allowed to eat, sleep, or work, and they had no access to cell phones or Internet. Upon completing tasks, participants watched a movie. During the encoding session, 90 min post-capsule ingestion, participants viewed all 180 labels, half of which were followed by the corresponding picture. For each label, participants rated on a 5-point scale how much they would like to see the corresponding picture. When a picture was presented, participants rated its positivity and negativity on a 5 × 5 grid with positivity and negativity on orthogonal axes. After this valence rating, they rated the picture's arousal on a five-point scale. This phase was self-paced and lasted approximately 30 min. There were no group differences in liking ratings of labels and valence/arousal ratings of images, so these will not be reported.
During the retrieval session, 90 min post-capsule ingestion, participants were given two surprise memory tests, a cued recollection test and a picture recognition test. For the cued recollection test, participants were presented with each label and asked whether they had seen the corresponding picture. Afterward, they rated their confidence on a five-point scale and were encouraged to use the entire scale. After the cued recollection test, participants were presented with each picture and had to decide if it had been seen. When a picture was recognized, they were asked if they 'remember' the picture or they simply 'know' it was presented (Yonelinas, 2002) . Participants were instructed that they should give a 'remember' response when they could recollect associated details from the event, such as thoughts during its presentation, and they should give a 'know' response when they simply knew that a picture had been presented without recollecting specific details. Both memory tests were selfpaced and together lasted approximately 45 min.
Dependent Measures
Several measures were obtained to monitor expected drug effects (Table 2) . Heart rate and blood pressure were measured using a portable blood pressure monitor (A&D Medical/Life Source, San Jose, CA). Mood measures included the Profile of Mood States (McNair et al, 1971) , the Visual Analog Scales (Folstein and Luria, 1973) , the Drug Effects Questionnaire (Morean et al, 2013) , and an End of Session Questionnaire. See Supplementary Online Materials (SOM) for descriptions of each scale and statistics.
For the cued recollection test (Table 3) , hit and false alarm rates were calculated for each valence in each subject. False alarms were subtracted from hits to compute memory accuracy. Finally, high confidence hits, false alarms, and accuracy were calculated by only including responses with the top two levels of confidence (SOM).
To estimate recollection and familiarity, confidence data were submitted to a dual process signal detection (DPSD) analysis (Yonelinas, 2002) using the ROC Toolbox for MATLAB (Koen et al, 2016) . Confidence data were combined between 'yes' and 'no' responses to create a 10-point scale. The cumulative proportion of hits is plotted against the cumulative proportion of false alarms from the most stringent criterion (ie, the proportion of hits and false alarms at the highest level of confidence) to the most liberal criterion, ending at (1,1). A receiver operator characteristic (ROC) curve is then fit to these points using maximum likelihood estimation. The DPSD model assumes a threshold process (recollection) can take place on some proportion of trials that is reflected by the yintercept (measured as a probability). In contrast, familiarity is thought to be a signal detection process, reflected in the curvilinearity of the function (measured in z score units).
For the recognition test (Table 4) , hits, false alarms, and accuracy were calculated, and recollection and familiarity estimates were derived from the independence remember/ know (IRK) procedure (Yonelinas, 2002) . Recollection accuracy was measured by
Because a 'know' response is the probability of familiarity in the absence of recollection, a correction was made to avoid underestimation. Familiarity accuracy is measured as pð}know}joldÞ 1 À pð}remember}joldÞ À pð}know}jnewÞ 1 À pð}remember}jnewÞ In order to avoid negative familiarity estimates and dividing by 0, floor and ceiling hits and false alarms were replaced by 0.5/N and 1-0.5/N, respectively, where N is the maximum number of hits and false alarms that could be made (Macmillan and Creelman, 1991) . Note that each of these estimates corrects for subjective responses to nonstudied items, thereby estimating recollection and familiarity unique to items studied in the encoding phase.
Statistical Analysis
Encoding and Retrieval groups were compared separately to the Placebo group. Cued recollection hits, false alarms, accuracy, and high confidence measures were submitted to 2 (group) × 3 (valence) ANOVAs. Recognition hits, false alarms, accuracy, recollection estimates, and familiarity estimates were also submitted to 2 × 3 ANOVAs. When sphericity was violated, a Greenhouse-Geisser correction was applied to the degrees of freedom. Pairwise comparisons were conducted with t tests.
Estimates of recollection and familiarity derived from ROC curves can be calculated individually for each participant (eg, Koen et al, 2013) . However, because the number of studied and nonstudied items per condition was low (ie, 30 each compared to 60-150 in Koen et al), confidence data were collapsed across participants to generate aggregate ROC curves. Parameter reliability was assessed via non-parametric bootstrapping. For each condition, distributions of recollection and familiarity estimates were generated by randomly sampling 20 subjects with replacement and running an ROC analysis (10 000 iterations). Pairwise comparisons were made by subtracting distributions and calculating what proportion of the difference distribution lay above 0. Confidence intervals for the difference of two means were obtained from the 2.5 and 97.5% quantiles of the difference distributions.
RESULTS
Cued Recollection: Placebo vs Encoding
Raw cued recollection performance was directly related to valence as indicated by main effects on hits (F(2,76) = 14.109, po0.001, Z 2 p = 0.271) and accuracy (F(2,76) = 14.259, po0.001, Z 2 p = 0.273). These main effects were due to the typical advantage for negative stimuli (Figure 1a and c) . There was a trending main effect of valence on false alarms (F(2,76) = 2.488, p = 0.090, Z 2 p = 0.061) due to more false alarms for positive stimuli (Figure 1b) . No other main effects or interactions were found (all F'so2.000, all p's40.200).
The distributions of DPSD-based recollection and familiarity estimates from the bootstrapping procedure were all normal (Figure 2 ). Negative (95% CI: (0.004, 0.297), p = 0.022) and positive (95% CI: (−0.008, 0.207), p = 0.034) recollection estimates in the Encoding group were reduced compared with the Placebo group, though the confidence interval of the difference distribution for positive recollection estimates implied a less reliable effect. The Encoding and Placebo groups did not differ on neutral recollection estimates or familiarity estimates (all p's40.100), though there was trend for greater positive familiarity estimates in the Encoding group (95% CI: (−0.085, 0.465), p = 0.078).
Recognition: Placebo vs Encoding
The ANOVAs on hits, false alarms, and accuracy from the picture recognition test were not significant (all F'so1 and p's40.250), except for a trending effect of valence on false alarms (F(2,76) = 2.286, p = 0.109, Z 2 p = 0.057) due to greater false alarms to positive pictures.
The ANOVA on recollection estimates from the IRK procedure revealed a main effect of valence (F(2,76) = 3.962, p = 0.007, Z 2 p = 0.122) and a marginal effect of group (F(1,38) = 5.289, p = 0.054, Z 2 p = 0.094) with no interaction (F(2,76) = 1.559, p = 0.217). The main effect of valence was due to smaller recollection estimates for positive pictures, and the main effect of group was due to attenuated recollection in the Encoding group (Figure 3) . Although the interaction was not significant, exploratory contrasts found both negative (t(38) = 2.154, p = 0.038, d = 0.681) and positive (t(38) = 2.164, p = 0.037, d = 0.684) recollection estimates to be lower in the Encoding group compared with the Placebo group with no reliable difference between neutral estimates (t(38) = 1.079, p = 0.287, d = 0.341), consistent with the DPSD-based recollection estimates. There were no main effects or interactions on familiarity estimates (all F'so1 and all p's40.250).
Cued Recollection: Placebo vs Retrieval
Emotional valence strongly modulated hits (F(2,76) = 18.143, po0.001, Z Although the difference between negative recollection estimates in the Placebo and Retrieval groups was not significant (95% CI: (−0.075, 0.198), p = 0.193), by comparison, the difference between the Encoding and Retrieval groups was also not significant (95% CI: (−0.052, 0.224), p = 0.101). This can be seen in Figure 2a , which shows the negative recollection distribution of the Retrieval group lying in between those of the Encoding and Placebo groups. The distribution for positive recollection estimates of the Retrieval group was also in between the Placebo and Encoding groups with no difference between either of them ( Figure 2c ; Retrieval vs Placebo: 95% CI: (−0.077, 0.157), p = 0.235; Retrieval vs Encoding: 95% CI: (−0.124, 0.147), p = 0.168). There were no differences between the Retrieval and Placebo groups for neutral recollection estimates and familiarity estimates (all p's40.200), though there was a trend for reduced neutral familiarity estimates in the Retrieval group (95% CI: (−0.057, 0.421), p = 0.066).
Recognition: Placebo vs Retrieval
The ANOVA on hits comparing Placebo and Retrieval groups did not reveal any main effects or interactions (all F'so1, all p's40.250) . However, the ANOVA on false alarms revealed a main effect of valence (F(2,76) = 4.247, p = 0.018 Z There was a trending main effect of valence on recollection estimates (F(2,76) = 2.651, p = 0.077, Z 2 p = 0.065) with positive recollection estimates being the smallest but no effect of group or interaction (all F'so2.000, all p's40.150). Although there were no between-group differences, exploratory contrasts were conducted to determine consistent trends between the cued recollection and picture recognition tests, as were found among the Encoding group's analyses. These analyses found that both negative (t(19) = 2.146, p = 0.045, d = 0.480) and positive (t(19) = 2.393, p = 0.027, d = 0.535) recollection estimates were reduced compared to neutral estimates in the Retrieval group, but neither of these effects was found in the Placebo group (Figure 3a ; neutral vs negative: t(38) = 0.566, p = 0.578; neutral vs positive: t(19) = 1.163, p = 0.259). There were no main effects or interactions on the familiarity estimates (all F'so1 and all p's40.250).
DISCUSSION
We found that MDMA diminished the encoding of emotional information, both negative and positive, and this appeared to be specific to recollection, as there was no evidence for such an effect on familiarity. MDMA during retrieval tended to have subtler effects that mirrored those at encoding. These effects were found in recollection estimates produced from the DPSD analysis and the remember/know procedure, indicating that MDMA weakened episodic memory representations. Although prior work suggests amnestic effects of MDMA on the encoding of neutral items (Kuypers and Ramaekers, 2005) , our study better isolated encoding and showed effects largest on emotional material.
Our finding that MDMA appeared to have a stronger effect on emotional memory is consistent with previous work demonstrating emotionally specific encoding effects of other drugs (eg, alcohol, Weafer et al, 2016; dextroamphetamine and Δ9-tetrahydrocannabinol, Ballard et al, 2013; ketamine, Becker et al, 2017) . Alcohol and THC at encoding diminish both negative and positive memory, and dextroamphetamine at encoding enhances both negative and positive memory. These effects of dextroamphetamine are particularly interesting in light of our results with MDMA. In spite of their similar pharmacological profile and subjective effects, MDMA and dextroamphetamine have opposite effects on emotional memory, potentially because MDMA's defining effects on synaptic serotonin or 5-HT 2A receptor stimulation oppose its stimulant effects.
MDMA at retrieval had weak effects, but the Retrieval group's data did not completely mimic those of the Placebo group. For example, emotional recollection estimates from the cued recollection test were in between the Placebo and Encoding groups, suggesting slightly impaired retrieval of emotional information under MDMA. Another effect of MDMA on memory retrieval was a tendency to increase false alarms similar to dextroamphetamine (Ballard et al, 2014) . The trends with MDMA on false alarms were most apparent for positive pictures, especially high confidence false alarms on the cued recollection test (SOM). Related to this finding, higher doses of MDMA (100 mg or 1.5 mg/kg) have been shown to enhance visual imagery for positive autobiographical memories (Carhart-Harris et al, 2014) and processing fluency for emotionally positive words (Baggott et al, 2015) . Therefore, MDMA during retrieval may have enhanced visual imagery and processing fluency of positive items, processes that recently have been shown to drive false recollections of pictures in other work (Doss et al, 2016) .
Returning to the significant encoding effects, whereas MDMA-induced decreases in the recollection of negative information speak to its potential role as an adjunct to psychotherapy, the amnestic effects on positive recollection may interfere with its therapeutic value. There is a high comorbidity for depression in PTSD (Campbell et al, 2007) , and depression has been associated with a deficit in memories for positive experiences (Dillon, 2015) . Therefore, caution may be warranted when considering MDMAassisted psychotherapy for PTSD patients with comorbid depression.
A notable observation in this study was MDMA did not affect raw proportions of hits or memory accuracy on the cued recollection test, which was designed to objectively assess the recollection of pictures. However, our measures of recollection based on the DPSD model and IRK procedure indicated that MDMA significantly impacted the recollection of emotional memories. These different patterns may relate to the distinction between the number of events that can be successfully recollected, on the one hand, and the amount of vividness or precision of recollected details associated with these retrieved events on the other hand (eg, quantity vs quality, Scimeca et al, 2011; success vs precision, Harlow and Yonelinas, 2016) . In this light, our findings suggest that MDMA affected the recollection of details associated with emotional events but not necessarily the overall ability to recollect the occurrence of an emotional event.
The idea that MDMA alters the recollection of details associated with emotional events but not memory for the occurrence of the event may have important clinical implications. To the extent that memory retrieval is required to trigger reconsolidation (Kroes et al, 2016) and the encoding of new information is required to alter a memory trace (Sevenster et al, 2013) , a strong amnestic effect may not be desirable for a therapeutic agent. PTSD is associated with memory impairments (Johnsen and Asbjørnsen, 2008) , so any additional amnestic effect that precludes successful encoding and retrieval could actually hinder psychotherapy. Nevertheless, abolishing the precise details of traumatic memories, weakening their associations, or re-encoding these memories with novel, less emotional associations may be advantageous for preventing generalizations of fear to innocuous stimuli (ie, second-order conditioning, Wessa and Flor, 2007) . Such effects could also prevent the incorporation of trauma-related information when thinking about the future (Brown et al, 2013) . Future work should explore the precise modifications MDMA has on memory, whether higher doses may be more effective at producing such modifications, and how these modifications compare to other drug-induced memory distortions.
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